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Abstract 
Over the past years, the changing climate has affected parts of Czech Republic and Austria by drought 
spells of the intensity and extend that was unprecedented in previous decades. These events had a 
significant impact on agricultural areas, especially on the grasslands. The idea behind the GIS monitoring 
relies on hypothesis that the effect of weather and climate conditions on the grassland production can be 
estimated by models that describe certain natural processes in a simplified manner and in spatialized 
form.  
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1. Introduction
Permanent grasslands used either for forage production (meadows) or as pastures compose significant 
portion of Austrian and Czech territories, constitute important segment of the landscape as well as part of 
the agriculture production system. Austrian managed grasslands are mostly located in the humid regions 
and thus are not irrigated. In the same time the grasslands are located in the alpine and near-alpine 
regions, distributed over a large altitudinal gradient (200-2000m) and are strongly affected by significant 
climate variability. In contrast, grasslands in the Czech Republic generally enjoy less precipitation as they 
are situated in drier regions and lower altitudes however no irrigation is used as well. Therefore grassland 
production varies considerably among sites, individual years and also during the growing season due to 
the climatic factors. This is of major importance to dairy farmers since the whole farming system must 
account for the risk of unfavourable weather conditions.  This is particularly true in case in which climate 
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will be altered mostly due to ongoing climate change. The Fig. 1 shows how the areas climatically 
suitable to be used as productive grasslands over Czech Republic and Austria might change under climate 
scenarios. 
 
Fig. 1. Estimated area suitable for grassland production during baseline (1961-2000) period and by 2050 
according to 3 Global Circulation Models assuming A2 emission scenario (approximately +2°C warming 
and 536 ppm of CO2).  Green areas are suitable in terms of climate (especially during summer) for 
grassland production with dark green areas having favourable soil and slope conditions while light green 
areas have rather poor soils and steep slopes. Yellow areas are climatically less suitable (but still 
acceptable in some cases) due to drought stress. According Eitzinger et al. [1]. 
 
To fill the gap and satisfy the present and expected needs in Austria and Czech Republic for reasonably 
accurate grassland drought stress and yield estimates (following e.g. 2003 drought), a relatively simple 
approach relying rather on the established statistical linkages between limited number of daily or seasonal 
variables has been applied by the authors of the study. This approach enabled us to utilize data from long-
term experiments that provide very useful datasets, which are unfortunately limited in further use by 
mechanistic models due to the small number of observed parameters (typically only basic management 
information, cut dates and dry matter yields, eventually composition of the sward). Additionally, the set 
of initial conditions could be derived based on the weather conditions proceeding to the growth initiation 
 
2. Methods 
For the calculation of weather predictors the newly upgraded standalone Grassland Model (GRAM) 
version from September 2010 was used. It comprises of two modules. The first one deals with the 
calculation of the weather predictors and the second one is a parsimonious grassland statistical model that 
allows for estimating above ground biomass production (Fig. 2). 
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Fig. 2. Simple flow-chart of the model cascade of GRAM. 
 
 
The core algorithm of GRAM is the newly enhanced SoilClim model [2] that was programmed 
within Borland DelphiTM 7 (Borland Software Corporation) as modular system. The interface of the 
model is represented at Fig. 3 
 
.  
Fig. 3. The main control panel of the GRAM soil submodel. 
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2.1. Soil water balance model SoilClim 
Six meteorological parameters in daily time step are required as input: global radiation (MJǜm-2ǜday-1), 
maximum and minimum air temperature (°C), amount of precipitation (mm), water vapor pressure (kPa) 
and average wind speed (mǜs-1). Then these data are processed by the water balance model (SoilClim) in 
each grid/site in order to obtain grid specific water stress factors. This is done through series of modules 
(Fig. 2) in a modelling cascade. Moreover SoilClim contains a spatial analysis module which enables 
efficient interpolation (on the basis of locally weighted regression) of the results within the selected 
domain.  
SoilClim accounts for the snow cover accretion/melting which allows more precise water balance 
estimates in the areas where snow cover represent significant portion of annual precipitation total. The 
presence of snow cover, its accumulation (in mm of equivalent water) and melting are estimated in daily 
step by SnowMAUS model [3] that was validated at 105 stations in the Czech Republic and Austria. The 
snow cover model outputs are consequently utilized both for the Soil temperature model and for 
improvement of Allen´s model of soil water balance [4,5] within SoilClim. The measured precipitations 
are modified by Snow model (according to presence of snow and its melting) to be identical (in time and 
amount) with water which really comes into the soil. Presence/absence of snow cover is also taken into 
account when estimating growing season beginning. 
The effect of soil water stress on crop ETa is described by reducing the value for the crop coefficient Kc. 
This is accomplished by multiplying the crop coefficient Kc by the water stress coefficient Ks which is 
defined within [4]. The fraction of total available soil water above wilting point in the appropriate soil 
layer crop can extract without suffering water stress could be defined by user (according to soil 
properties). 
 
2.2. Grassland growth module 
The key procedure of SoilClim is the calculation of the daily reference evapotranspiration as the main soil 
water balance driver. It is calculated from daily values of temperature, wind, relative humidity, and global 
radiation and radiation balance respectively according to FAO Penman-Monteith [4,5]. In order to adjust 
the reference evapotranspiration (which represents the conditions over well watered grass sward of 12 cm 
in height) to represent cultivated grassland fields with various cutting regimes, the crop specific 
evapotranspiration has to be calculated. Therefore a developmental stage dependent crop coefficient, 
representing the growth stages, is used to adjust the value of daily reference evapotranspiration. The 
initial value of the crop factor is 0.4 and increases linearly from the start of each regrowth to its harvest 
with the maximum value of 1.2. This means that the maximum evapotranspiration rate of the grassland 
fields is at 40% of the daily reference evapotranspiration value immediately after the cut or at the start of 
growing season and at 120% around the cutting time. The water balance calculation for the first growth is 
initiated with the beginning of the thermal growing season that is defined as continuous period with mean 
air temperature above 5 °C and minimum air temperature above -2°C at 2 m height. In the next step actual 
evapotranspiration for each day is derived based on the reference crop evapotranspiration (which 
represents the atmospheric water demand) and water available to the crop (that represents supply side of 
the water balance). The available soil water is determined by actual soil water content that is driven by 
water balance during previous day and precipitation on the given day. The soil water content is calculated 
for a model profile that assumes two soil layers each 20 cm deep and water transfer is allowed between 
the layers as well as percolation to the subroot zone. 
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Fig. 4. Performance of the GRAM model (verification by the independent dataset) at the two Austrian 
sites Gumpenstein and Piber.  
 
The ratio of reference crop evapotranspiration and actual evapotranspiration indicates the level of water 
stress. If water stress occurs a growth supporting factor with the range from 1 to 0 will be reduced due to 
the intensity of stress. The factor effects the accumulation of daily temperature and global radiation over 
the period of each growth through a complex function described by [7]. For example during drought 
periods temperature and radiation sum acquired are reduced (assuming that plants cannot utilize solar 
radiation when lacking sufficient amount of available water), which is translated to lower grassland yield 
estimates in the GRAM procedure. For this study GRAM was calibrated at Gumpenstein (Fig. 4) and 
tested at another site (Piber). For the final system a new version of a highly robust model based on over 
30 experimental sites verification should be available, suitable for most grassland regions of Austria and 
the Czech Republic. 
2.3. Sensitivity analysis 
In order to verify model´s stability a sensitivity analysis comprising of temperature and precipitation 
change was carried out. The weather data were derived based on the observations at Irdning-Gumpenstein 
weather station that is part of the ZAMG weather station network. Weather data for period 1961-2007 
were available and these were used to train the weather generator M&rfi [6] that allowed for preparation 
of sensitivity test data. In this case temperature was varied between -5 to +8 °C of the baseline value 
while for precipitation the amount varied at 0.4, 0.5, 0.6, 0.8, no change, 1.1, 1.25, 1.50 and 2.00 
multiplication factor of the baseline precipitation amount. The distribution of precipitation as well as 
number of rain days was held constant. For each of these „scenarios“ 100 years of synthetic weather data 
were prepared resulting in 112 scenarios plus the baseline series. In addition four different soil water 
holding capacities were considered i.e. 50, 100, 180 and 260 mm and „observed 1961-2007“ reference  
of soil water holding capacity.  
For each of these 114 scenarios times four soil conditions the whole model cascade was run and the 
response surfaces were generated. The response surfaces were then used to estimate the spatial response 
of the grassland yield to model climate conditions assuming +3°C  warming combined with changes in 
precipitation patterns when no change and 20% increase/decrease of precipitation was considered.  
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The sensitivity analyses allowed us to prepare response surfaces that reveal the relative importance of 
temperature, precipitation and soil water holding capacity in various regions. Quite understandably yields 
decrease when precipitation decreases and this pattern is more apparent on soils with higher water holding 
capacities (Fig. 5). In case of precipitation distribution does not change and precipitation is a limiting 
factor then precipitation changes have more effect on soils with higher water holding capacity, as light 
soils have not much flexibility in storing more or less water. Given the location of the test site (700 m 
a.s.l. within Alpine chain) at which model was trained, it is not surprising that temperature plays also 
decisive role with lower temperatures causing sharp reduction of the yields. On the other hand even a 
pronounced (up to 150%) increase of precipitation does not lead to significant yield increases (Fig. 5) 
which can be explained by the fact that the present level of precipitation is near optimum in most years. 
 
 
Fig. 5. Modeled sensitivity of annual grassland yield to changes in temperature and precipitation at four 
soil water holding capacity levels. 
 
Fig. 6 reveals the spatial pattern of grassland yield responses to three selected climate changes for a soil 
with high soil water storage capacity. When temperature increase alone (above left figure ) this would 
lead to quite significant increases in the yield in most areas providing same amount of precipitation as 
nowadays. Increase of precipitation by 20% (below middle figure) would lead to sharp increase of the 
productivity while reduction of precipitation (above right figure) by the same magnitude would lead to 
relatively small yield decreases and still higher yields at higher altitude grasslands. Comparing modelling 
results with agroclimatic response reveals a discrepancy in the patterns withing regions of northern and 
eastern Austria that are covered by both analysis. As GRAM takes into account prolonged growing 
season under 3°C warming (which is more than 30 days on average) it leads to higher accumulated global 
radiation available within the season and on average to higher yields.  
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Fig. 6. Relative change of long-term mean grassland yield change (annual total) for 3 different sesnisivity 
scenarios on the example of Austria.  
 
While doing so it is likely underestimating the effect of prologned summer droughts e.g. in the easter part 
of Austria. During drought periods no growth is assumed to take place in the model but growth is 
ressumed immediately after soil moisture is available. This indeed happens during so called „green 
drought“ episodes however drought stress lasting over several dozens of days leaves canopy depleted of 
leafes capable of utilizing global radiation and regrowth takes considerable amount of time. Therefore 
after the end of this climatic extreme inducing drought stress growth is negatively and irrepairably 
affected. On the other hand Fig. 1 is based on the assumption that grass production is sustainable in a long 
term only in regions where during period of ample solar energy influx (i.e. June-August) water is 
available in most days. While suitable grassland areas presented at Fig. 1 are likely to suffer from 
overestimation of negative effects from climate conditions, it is clear that drought effects must be 
considered when estimating effects of climate change on grassland yields. Not only reduction (or 
anihilation) of leaf area during prolonged droughts must be taken into account but also carry-on effects on 
the following season (e.g. on changing grassland composition etc.) or extra cost associated with 
renewing/resowing of drought damaged grasslands. 
 
Acknowledgement :  
Projects KONTAKT ME 10128, research plan No. MSM6215648905 and National Agency for 
Agricultural Research QI91C054 helped to execute the presented study.  
 
 Miroslav Trnka et al. / Procedia Environmental Sciences 3 (2011) 50–57 57
References 
[1] Eitzinger J, Kersebaum C, Formayer H., Landwirtschaft im Klimawandel, Agrimedia (ISBN. 978-3-86037-378-1), p.320, 2009 
[2] Hlavinka P, Trnka M, Balek J et al. Development and evaluation of SoilClim model for water balance and soil climate estimates, 
Agriculture Water Management, (submitted), 2010 
[3] Trnka M, Kocmánková E, Balek J et al. Simple snow cover model for agrometeorological applications, Agricultural and Forest 
Meteorology, 150: 1115-1127. 2010 
[4]Allen GA, Pereira LS, Raes D, Smith M, Crop evapotranspiration: guidelines for computing crop water requirements, Irrigation 
and Drainage Paper No. 56, FAO, Rome, Italy, p. 300. 1998 
[5] Allen, G.A., Walter, I.A., Elliot, R.L., Howell, T.A. Asce, Standardized Reference Evapotranspiration  
Equation, American Society of Civil Engineers, p. 216., 2005,  
 [6] Dubrovsky M., Buchtele J., Zalud Z., High-Frequency and Low-Frequency Variability in Stochastic Daily Weather Generator 
and Its Effect on Agricultural and Hydrologic Modelling. Climatic Change 63: 145-179, 2004 
[7] Trnka M.J. Eitzinger J, G. Gruszczynski,  K. Buchgraber, R. Resch, A. Schaumberger A simple statistical model for predicting 
herbage production from permanent grassland, Grass and Forage Sciences, 253-270, 2006 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
